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A tunneling project is one of the most significant infrastructure 
projects. Its implementation requires access to adequate data 
and use of unique proceedings; hence it has a special position 
among civil engineering projects. Unexpected and _ uncertain 
conditions in tunneling projects lead to an increase of potential 
risks during project implementation. Identifying and evaluating 
risks in tunneling projects are considered one of the significant 
challenges among civil engineers, which can cause proper risk 
management during tunnel construction. Therefore, this study 
aims to evaluate and rank the risks of the second part of the 
Emamzadeh Hashem tunnel in the north of Iran which was 
considered as a case study. For this purpose, twelve potential 
risks were identified by using geological studies and experts. 
Then, they were evaluated and ranked using effective fuzzy 
multi-criteria decision-making (FMCDM) techniques, namely 
fuzzy analytical hierarchical process (FAHP). The _ three 
decision variables were considered, including repeat chance, 
occurrence possibility, and efficacy. The results obtained 
indicated that the occurrence possibility was the most effective 
among the decision variables in this case study. In addition, 
Instability of the wall and lack of contractor’s experiences had 
the highest and lowest ranks with 0.103 and 0.052, respectively. 
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1. Introduction 


Infrastructures are the principal foundation for the planning of communities, not only in current 
time but also through history. Through the past up to now, the implementation and operation of 
infrastructure projects have played a vital role in developing societies, cities and the 
improvement of the level of service [1-4]. Planning and constructing infrastructures are very 
complex and unpredictable in a cooperative system; that is, why one defect or a mistake is 
considered as an obstacle for the whole functions of the project. Hence, identifying, evaluating, 
and managing hazards and risks of infrastructures have a fundamental role in the correct 
implementation of infrastructure projects [5]. The project’s risk assessment is considered for both 
design and implementation phases [6,7]. The tunneling project’s risk assessment, among other 
infrastructure projects, is conspicuously essential due to its unpredicted nature. Extensive and 
comprehensive studies addressed the risk assessment regarding tunneling projects [8,9,18,10— 
17]. 


You et al. (2005) carried out a risk assessment of the twin tunneling project. They selected a 
convenient coverage for maintaining twin tunnels. In their research, the sum of lost expenses 
caused by hazards and tunnel coverage’s construction expenses per meter are reported as risk 
[19]. Rehbock-Sander and Boissonnas (2012) evaluated hazards’ Damaging through the 30-km 
path of Gotthard tunnel. They considered some parameters such as investment, rules, geology, 
construction licenses, project management, and strategies to transact hazards. The results 
demonstrated that complete coordination between executive agents and the employer had a high 
effect for overcoming geological risks and prevented high project expenses [20]. Sousa & 
Einstein (2011) investigated the risk analysis of Poro Metro (Portugal) with the possibility of 
encountering geological conditions, underground water, and possible damage to the ground 
surface. They applied the Bayesian networks approach in their studies. They selected the closed- 
form due to the pressure control of the tunnel face to deal with geological circumstances [21]. 
Geological risks assessment regarding Ardabil-Mianeh Railway Tunnel is studied by Mikaeil et 
al. (2016). They divided the tunnel into 24 portions and explored four significant risks, which are 
tunnel instability, squeezing, water flow, and swelling, according to geological proprieties. 
Results are compared to actual investigations, which had an excellent matching [22]. A risk 
assessment is carried out by Haghshenas et al (2016) for the Ghomrud tunnel. They used three 
mechanical and physical parameters and applied Fuzzy C-means (FCM) technique as one of the 
most efficient and essential clustering methods. The results obtained had good agreement with 
the data observed from the project [23]. In another study, Haghshenas et al. (2017) investigated 
and ranked tunneling projects risks using a fuzzy analytical hierarchy process approach. They 
considered 11 potential risks of the Toyserkan Doolayi tunnel. Based on their study, the swelling 
of rock’s risk gained the highest rank among eleven risks [24]. Risk assessment for a case study 
(Yelongmen tunnel in China) was addressed by Xiong et al. (2018). Their study used a multi- 
scale 3d modeling method for the evaluation of the risk assessment regarding the dynamic 
evaluation at the early stages of construction due to the challenging geological nature and 
difficulty of installation, for boreholes and section data collection, as one model data would not 
be sufficient as different condition evaluations affect each other. A group of sub-models is 
introduced by them (regional scale for preliminary evaluation, project scale for pre-evaluation, 
and outcrop scale for dynamic evaluation). Their results were significantly harmonic and 


S. Shaffiee Haghshenas et al./ Journal of Soft Computing in Civil Engineering 6-1 (2022) 29-45 31 


Compatible for engineering application for both theory and practice [25]. The multi-factor 
comprehensive risk assessment method was used for risk investigation for karst tunnels by Li 
and Wu (2019). In their research, they used twelve effective parameters regarding hydrological 
and geological conditions and construction techniques. They considered the Yichang-Wanzhou 
Railway Dazhiping tunnel as a case study to apply their method, which revealed high 
coordination with the in-situ construction conditions [26]. Mountain Tunnels’ risk assessment 
regarding collapse hazards for Hongyansi Tunnel and Shimenya Tunnel was addressed by Wang 
et al. (2020). In their research, they used an artificial assigned model for creating a new dynamic 
risk assessment method by adapting data records for many collapse cases regarding many factors 
such as water table, depth, rock integrity for mass and bounded rock levels. They also used 
Mountain Tunnel Collapse Risk Assessment System for considering Real-Time evaluation for 
collapse. Their research results agreed with actual construction in a exemplary manner [27]. Wu 
et al. (2021) proposed a risk assessment method for spalling damage in a deep hard-rock tunnel. 
They evaluated three critical tasks, including risk probability estimation, loss estimation and risk 
level determination. Then, they proposed a theoretical and analytical equation for the spalling 
damage expected cost proportion. Finally, the proposed method was applied for a case study. The 
obtained results indicate that the proposed method could be effective and valuable for accurate 
risk assessment of spalling damage [28]. 


By studying the previous literature, the importance of examining the risk of complete tunneling 
projects becomes clear. Identification of risks affecting the projects of tunneling and ranking of 
these risks are significantly crucial in the correct implementation of tunneling projects and 
project management. Therefore, twelve potential risks (machinery failure, lack of machinery, 
design mistakes, lack of contractor's experience, squeezing, instability of wall, water inflow, face 
tunnel instability, swelling of rock, gas emission, construction delay, and changes of price) for 
the second part of Emamzadeh Hashem tunnel (one of the most significant tunneling projects in 
the north of Iran) are evaluated. Indeed, since mechanized tunneling project's risks have an 
implicit and uncertain nature, the strength of this research work is to use the FAHP approach for 
the analysis and assessment of tunneling project's risks. 


2. Methodology 


In tunneling projects as one of the most significant infrastructure projects, risks assessment has a 
unique position and significance due to heavy and irreparable financial and human losses. 
Assessment and ranking of risks are some of the most critical sections in tunneling projects! risk 
management. Therefore, the primary purpose of this research is to evaluate and rank the risk of 
tunneling projects for one of the most vital tunneling projects in the north of Iran. In addition, 
uncertain and unpredicted conditions in risk assessment and its full compliance with the concepts 
of fuzzy logic is another goal of this research. For this purpose, after collecting data from the 
case study, the eleven potential risks were considered for this case. Then, after receiving the 
opinion of experts, the data were evaluated and ranked by fuzzy hierarchical analysis. 


2.1. Fuzzy analytical hierarchy process (FAHP) 


In recent decades, Soft Computing (SC) approaches are considered an effective applied 
technique in engineering problems. A wide range of soft computing methods has been used 
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successfully by numerous researchers [29,30,39-44,3 1-38]. Soft Computing, by focusing on the 
human mind in solving complex problems, provides the ability to respond appropriately with 
great flexibility. Unlike rigid computing methods, soft computing is based on the tolerance of 
inaccuracies and uncertainty and is widely used in many industries and sciences [45-48]. One of 
the significant features of these methods is to achieve the best answer at the lowest possible cost. 
In addition, another feature of these methods, the capability to solve uncertain and complex 
problems [49,50,59-61,51—58]. The fuzzy analytical hierarchy process (FAHP) is one of the 
multi-criteria decision-making techniques that has been applied in the engineering and academic 
sectors. Several researchers developed and introduced their FAHP techniques. Different research 
and methods about the Fuzzy Analytical Hierarchy Process were addressed by Chang (1996) 
[62-64]. In a fuzzy multi-criteria decision making of Chang’s fuzzy analytical hierarchy process 
with m items and n criteria for fuzzy triangular numbers, several steps have been defined as 
follows: 


-First step: Determining hierarchical graph 


In this step, the hierarchical graph is considered for three levels according to the number of 
criteria and alternatives under study and the desired objective [65]. 


-Second step: Defining fuzzy numbers for pairwise comparisons 


Fuzzy numbers are defined for conducting pairwise comparisons. These numbers can be 
considered as fuzzy triangular numbers or fuzzy trapezoidal numbers. It should be noted that in 
this study, the fuzzy triangular numbers were applied. 


-Third step: Forming pairwise comparison (A) matrix with fuzzy numbers 


Using experts’ opinion, the pairwise comparison matrix will be formed, and the fuzzy numbers 
of the matrix are as follows [65]: 


ay, l ie) ay, 

a, Ay I 
. _{l 1=j 
Ces ae Be 7-3 4-1 €-1 5-1 @-1 ae 
13,2, 1,9 or 17,343 37 49 i¥j 


-Fourth step: Calculation of Si for each row of pairwise comparison matrix 


Si represents a fuzzy triangular number that is calculated based on Eq (1) [65]. 


m n m 


S,= 2M; @1 Mal (1) 


i=l j=l 
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Where u/ 


zi 1s the fuzzy triangular number of pairwise comparison matrix. i and j are the row 
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-Fifth step: Calculating the degree of possibility between two fuzzy triangular numbers (Si) 


If S; and S, are the two fuzzy triangular numbers, the degree of possibility between them is 
computing based on Eq 5. Figure 1 represents Eq 5 that d indicates the ordinate of the highest 
intersection point between us; and us2. Hence, the values of V(S, 2S,) and V(S, 2S,) should be 
calculated. Then, the degree of possibility for a fuzzy triangular number to be greater than k 
fuzzy triangular numbers is computed based on Eq 6 [65]. 


1 if m9g=>m9 
V(S, 2S, )=hgt(S,NS, =ns, @= 0 if >u (5) 
ee otherwise 
(mz -u7 )-(m4-l ) 


V (S:> $9) 


0 


Ud X 
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Fig. 1. The degree of possibility between two fuzzy triangular numbers (S1, S2) relative to each other. 


V(S2S,,S5,.-5,)=V[(S > S, and(S > S, jand....and($ > S,)]=MinV(S>S,), i=1,2,3,...k (6) 
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-Sixth step: Calculating Weight of Each Criterion and alternative in the pairwise 
comparison matrix 


For determining the weight of criteria and alternatives in a pairwise comparison matrix, by 
assuming d’(A, )=MinV(S, =S,) for k=1,2,....n , k #i, the weight vector is determined based on 


Eq 7 [65]. 
w'(d'(A,),d(A,),..04(A,))" (7) 


-Seventh step: Computing the final weight vector 


In the last step, the final normalized weight vector is computed by normalizing the weight vector 
based on Eq 8. 


W=(d(A, ),d(A,),...,d(A, )) (8) 


2.2. Case study 


The mechanized tunneling projects are considered to be important infrastructures; hence the 
efficiency in projects’ planning and implementation can be increased by evaluating these 
projects’ risks. The second part of the Emamzadeh Hashem tunnel was considered a case study in 
this research work that is one of the most strategic tunneling projects in the north of Iran. The 
purpose of this tunnel is to reduce the number of road accidents and traffic. This tunnel is 
constructed in the northeast of Tehran, and at the boundary of Mazandaran in an entirely rocky 
environment, which belongs to the mountainous region of the Alborz mountain range. The total 
length of the tunnel is about 5.6 (km). The second part of the Emamzadeh Hashem tunnel has 
approximately 3.2 (km) length. The highest and lowest overburden thicknesses of the tunnel crest 
include 450 m and 50 m, respectively. Also, the tunnel is a circular cross-section with a 2.5 % 
longitudinal slope characterized by an excavation radius of approximately 12.27 m [66,67]. The 
location and the lithologies of the region under study are shown in Figure 2. There are seven 
formations from the beginning of excavation to the end of the tunnel, including the Durood 
Formation (H-3), the Mobarak Formation (H-16), the Ruth Formation (H-16), the Shear Tuff and 
Lava Eocene (H-4), the Dacite tuff of Eocene (H-1), the Elika Formation (H-11), and the Baroot 
Formation (H-15). The results obtained from field and laboratory tests for properties of rock and 
lithology types are indicated in Table 1 [68]. 


Table 1 
Types of lithology and characteristics of rock. 
? ‘ Average 
oaks Lithology Peoeu bee RMR Q ee Groundwater 
py en eae 130 35 19 0.02 26 35 
Eocene 

H-1 Dacite Tuff of Eocene 600 55 43 0.49 2.6 125 
H-3 Durood Formation 520 120 63 9 2.6 265 
H-16 Mobarak Formation 140 75 55 1.95 2.6 270 
H-2 Ruteh Formation 1020 110 59 8 2.6 195 
H-11 Elika Formation 180 40 44 2.52 2.6 70 


H-15 Baroot Formation 130 30 50 2 2.6 25 
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Fig. 2. The location and longitudinal profile of the Tunnel. 
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3. Modelling and discussion 


To assess the risks of the tunneling project, a set of more than thirty possible risks was 
considered by a team of experts. Then, considering the initial investigation of the project's 
conditions, the twelve potential risks were assigned for the second part of Emamzadeh Hashem 
tunnel in the north of Iran based on experts' opinions. The potential risks and sources of risks for 
this tunneling project are shown in Table 2. Also, three decision variables including repeat 
chance (C1), occurrence possibility (C2), and efficacy (C3) were considered in this study. Figure 
3 shows the hierarchical structure of the problem. 


Table 2 
Potential risks and risks’ sources of the second part of Emamzadeh Hashem tunnel. 
Sources of Risks Potential risks Pe or 
Risks 
Machinery failure Ry 
Technical and Lack of machinery R, 
Accidental Risks Design mistakes R; 
Lack of contractor experiences Ry 
Squeezing R; 
Instability of wall Re 
; : Water inflow Ry 
Beoluea mak Face tunnel instability Rg 
Swelling of rock Ry 
Gas emission Rio 
; ar Construction delay Ry 
Project Estimations Changeset ance Rp 


— 
a a 
— e 
[ conmactonoaey | 
= 


Fig. 3. The hierarchical structure of study. 
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Once the twelve potential risks and three decision variables have been identified, a pairwise 
comparison matrix for the three decision variables was developed and completed by a team of 
experts after several meetings and consultations like brainstorming. Also, three pairwise 
comparison matrices for twelve risks were formed based on three decision variables and 
completed by experts. It should be noted that the experts used fuzzy triangular numbers based on 
Table 3 where values are varying in a scale from 1 to 9 in an ascending manner of the importance 
level for completing the pairwise comparison matrices of decision variables and criteria (twelve 
potential risks) [69]. 


Table 3 
Fuzzy number and Triangular fuzzy scale for ranking. 
Triangular fuzzy scale = Fuzzy number _ Triangular fuzzy scale Fuzzy number 

(1,1) 1 (1,1) if 
(1, 2,4) p} G ; : ,1) 51 
(1.3.5) 3 Gs) i 
2.4.6) j G5) ra 
(3.5.7) 5 2.9) 5 
(4,6,8) é G2.) é 
(5,7.9) j 2.2) A 
(6.8.10) : (2.2) 7 
(7,9, 11) 9 2.) 97 


After forming the pairwise comparison matrices, based on the relationships of 1 to 8, the weight 
of each decision variable was calculated, and the obtained weights were normalized according to 
Figure 4. 
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Normalized Weight 
S 
N 
wn 


Repeat Chance (C1) 


0.411 


Possibility (C2) 


0.405 


Efficacy (C3) 


Fig. 4. The normalized values of each decision variable. 


Based on the results, occurrence possibility (C2) had the highest weight among the decision 
variables with a weight of 0.411, then efficacy (C3) with a weight of 0.405 achieved the second 
position in terms of impact on the examined risks. In the end, repeat chance (C1) has most minor 
importance in terms of influencing the risks under consideration. Furthermore, all calculations 
for pairwise comparison matrices formed for 12 risks were performed based on each decision 


variable, and the results are shown in Figure 5. 


0.120 


0.100 
~~ 
<= 
.o2 ~~ 0.080 
3 
mo] 
o 0.060 
pa 
F: 
L 0.040 
ic] 
2 
0.020 
0.000 iackot 
Machinery Lack of Design oes oo oe Instability of Water Face Tunnel | Swelling of Gas Construction| Changes of 
Failure Machinery | Mistakes z a 6 Wall Inflow Instability Rock Emission Delay 
experiences 
@ Repeat Chance (C1) 0.068 0.086 0.047 0.051 0.095 0.102 0.097 | 0.098 0.091 0.074 0.088 | 0.104 
GB Occurrence Possibility (C2) 0.094 0.068 0.042 0.054 0.093 0.104 0.088 | 0.100 0.085 0.076 0.091 0.106 
@ Efficacy (C3) 0.085 0.059 0.066 0.049 0.086 0.102 0.094 | 0.102 0.087 0.091 0.082 0.097 


Fig. 5. The values of the normalized weight of twelve risks based on three decision variables. 


In the first category (Technical and Accidental Risks), there are the four risks including 
Machineries failure, Lack of machinery, Design mistakes, and Lack of contractor’s experiences. 
According to the obtained results, it is clear that these four risks weighed less among the twelve 
potential risks based on three decision variables, which indicates the low importance of the risks 
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of this category compared to other risks were this research. Overall, given the weights obtained 
from the calculations, Machinery failure is a more critical risk among these four risks. Machinery 
failure also gained the highest weight in possibility (C2), equals to 0.094, and it could achieve 
the following weight in efficacy and repeat chance in descending order, respectively. In addition, 
the results of the calculations showed that the contractor's experience was able to obtain almost 
equal weights based on the three decision variables. In the second category (Geological Risks), 
there were six risks which is the number of risks in this category compared to the number of risks 
in other categories, geological risks are of great importance in the process of risk management in 
this project. At first glance, Figure 5 shows that all six risks in this category have relatively high 
weights in all three decision variables. Among the six risks in this category, Face tunnel 
instability and Instability of the wall have more weight than the others. According to the type of 
soil characteristics and formations in the tunnel route using Table 1, the results are in good 
agreement with the realities of the project. In the last category, R11 and R12 achieved the highest 
weights based on the probability, and then they gained subsequent weights based on repeat 
chance and efficacy. It is also clear that Changes in prices gained the most weight based on all 
three decision variables compared to Construction delay, indicating the importance of this risk in 
the category of project estimations. This result was quite reasonable given the economic 
conditions. 


Machinery Failure 
Changes of Prices 


0.102 Lack of Machinery 


0.068 
Construction Delay 


0.086 
Design Mistakes 
0.053 
Lack of contractor's 
Gas Emission experiences 
0.082 0.052 
Swelling of Rock Squeezing 
0.087 0.091 


Instability of Wall 
0.103 


Face Tunnel Instability 


one Water Inflow 


0.092 
Fig. 6. The final rank of the twelve risks. 


A final rank of the twelve risks is illustrated in Figure 6. The value of each risk calculated is 
normalized due to the total risk summation. The value for each risk is inserted by the weight of 
its effect on each decision variable from repeat chance (C1), occurrence possibility (C2), and 
Efficacy (C3). A value of 0.103 is obtained by the Instability of the wall to be ranked as the first 
potential risk. On the other hand, the lack of contractor-s experiences is the least to be considered 
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in the list of potential risks. The other three potential risks were directly ordered after the wall 
instability in the list of potential risks, which are changes of prices, Face tunnel instability and 
water flow with the values of 0.102,0.100 and 0.092 by order. 


A good match between the conditions in the project and the results obtained from the 
calculations and ranking of the risks clearly showed that the FAHP is a reliable system modeling 
approach for assessing and ranking risks with highly acceptable degrees of precision and 
robustness. It should be noted that the calculated values for each risk and their ranking are 
unique, and they are only applicable to this project and cannot be used for other projects. In 
addition, the most important limitation of this method is choosing the right team of experts who 
have the necessary experience and ability to diagnose and understand the problems. 


4. Conclusions 


Risk assessment of infrastructure projects is an imperative part of project management. 
Tunneling projects are considered substantial infrastructure projects, so the risk assessment of 
tunneling projects has a special place in the proper project management of tunneling. Therefore, 
due to the issue’s importance, the FAHP approach was applied to investigate and rank the 
potential risks of tunnel construction in this study. The second part of the Emamzadeh Hashem 
tunnel in the north of Iran was considered as a case study, which is one of the most important 
tunneling projects in the north of Iran. The twelve potential risks, including machinery failure, 
lack of machinery, design mistakes, lack of experiences of contractor, squeezing, instability of 
wall, water inflow, face tunnel instability, swelling of rock, gas emission, construction delay, and 
changes of price, have been considered for this project based on experts' opinions. In addition, 
repeat chance, occurrence possibility, and efficacy were considered as the three decision 
variables. After analysis, the results showed that instability of wall and changes of price were the 
first and second potential risks in this project by 0.103 and 0.102, respectively. Also 
demonstrated that, lack of contractor experiences had the lowest ranking by 0.52 among the 
twelve potential risks in this tunneling project. The results obtained had very high compliance 
concerning the geological conditions of the project and market conditions in Iran. For future 
work, it is recommended to see the performances of other fuzzy multi-criteria decision-making 
approaches for evaluation of mechanized tunneling project risks. 


Acknowledgments 

We would like to express our deepest thanks to Mahdi Ghaem for his excellent advice. 
Funding 

This research received no external funding. 

Conflicts of Interest 


All authors have read and agree to the published version of the manuscript. The authors declare 
no conflict of interest. 


S. Shaffiee Haghshenas et al./ Journal of Soft Computing in Civil Engineering 6-1 (2022) 29-45 41 


Authors Contribution statement 


The author’s contributions in the paper are as follows: conceptualization, S.S.H., and R.M.; 
methodology, S.S.H., S.S.H., and S.Z.; formal analysis, S.S.H., S.S.H., S.Z. and M.A.A.; 
investigation, S.S.H., and M.A.A.; writing—original draft preparation, B.P., and S.S.H.; 
writing—review and editing, S.S.H., S.S.H., S.Z. and M.A.A.; supervision: S.S.H., and R.M. 


References 


[1] 


[2] 


[3] 


[4] 


[5] 


[6] 


[7] 


[8] 


[9] 


[10] 


[11] 


Salemi A, Mikaeil R, Haghshenas SS. Integration of Finite Difference Method and Genetic 
Algorithm to Seismic analysis of Circular Shallow Tunnels (Case Study: Tabriz Urban Railway 
Tunnels). KSCE J Civ Eng 2018;22:1978—90. https://doi.org/10.1007/s12205-017-2039-y. 


Mikaeil R, Bakhshinezhad H, Haghshenas SS, Ataei M. STABILITY ANALYSIS OF TUNNEL 
SUPPORT SYSTEMS USING NUMERICAL AND INTELLIGENT SIMULATIONS (CASE 
STUDY: KOUHIN TUNNEL OF QAZVIN-RASHT RAILWAY). Rud Zb 2019;34:1-11. 
https://doi.org/10.17794/rgn.2019.2.1. 


Jalilvand P, Haghshenas SS. The study stability of Toyserkan Doolayi Tunnel using reinforces 
shotcrete and rock bolt under static condition. 23rd Int. Min. Congr. Exhib. Turkey, 2013, p. 1299— 
305. 


Jalilvand P, Haghshenas SS, Haghshenas SS, Javan MH. Evaluation of Dynamic Resistance of the 
Toyserkan Doolayi Tunnel by Rock Bolt and Reinforced Shotcrete Composite System. Tunneling 
Undergr. Constr., Reston, VA: American Society of Civil Engineers; 2014, p. 376-84. 
https://doi.org/10.1061/97807844 13449 .037. 


Noori AM, Mikaeil R, Mokhtarian M, Haghshenas SS, Foroughi M. Feasibility of Intelligent 
Models for Prediction of Utilization Factor of TBM. Geotech Geol Eng 2020. 
https://doi.org/10.1007/s 10706-020-01213-9. 


Naderpour H, Kheyroddin A, Mortazavi S. Risk Assessment in Bridge Construction Projects in 
Iran Using Monte Carlo Simulation Technique. Pract Period Struct Des Constr 2019;24:04019026. 
https://doi.org/10.1061/(ASCE)SC.1943-5576.0000450. 


Mortazavi S, Kheyroddin A, Naderpour H. Risk Evaluation and Prioritization in Bridge 
Construction Projects Using System Dynamics Approach. Pract Period Struct Des Constr 
2020;25:04020015. https://doi.org/10.1061/(ASCE)SC.1943-5576.0000493. 


Park J, Chung H, Moon J-B, Choi H, Lee I-M. Overall risk analysis of shield TBM tunnelling using 
Bayesian Networks (BN) and Analytic Hierarchy Process (AHP). J Korean Tunn Undergr Sp 
Assoc 2016. https://doi.org/10.97 1 1/ktaj.2016.18.5.453. 


Swannell N, Palmer M, Barla G, Barla M. Geotechnical risk management approach for TBM 
tunnelling in squeezing ground’ conditions. Tunn Undergr Sp Technol 2016. 
https://doi.org/10.1016/j.tust.2016.01.013. 


Zare Naghadehi M, Benardos A, Javdan R, Tavakoli H, Rojhani M. The probabilistic time and cost 
risk analysis of a challenging part of an urban tunneling project. Tunn Undergr Sp Technol 2016. 
https://doi.org/10.1016/j.tust.2016.04.007. 


Yum SG, Ahn S, Bae J, Kim JM. Assessing the risk of natural disaster-induced losses to tunnel- 
construction projects using empirical financial-loss data from South Korea. Sustain 2020. 
https://doi.org/10.3390/su12198026. 


42 


[12] 


[13] 


[14] 


[15] 


[16] 


[17] 


[18] 


[19] 


[20] 


[21] 


[22] 


[23] 


[24] 


[25] 


[26] 


[27] 


S. Shaffiee Haghshenas et al./ Journal of Soft Computing in Civil Engineering 6-1 (2022) 29-45 


Paraskevopoulou C, Boutsis G. Cost overruns in tunnelling projects: Investigating the impact of 
geological and geotechnical uncertainty using case studies. Infrastructures 2020. 
https://doi.org/10.3390/INFRASTRUCTURES5090073. 


Wang S, Li L, Cheng S. Risk assessment of collapse in mountain tunnels and software 
development. Arab J Geosci 2020;13. https://doi.org/10.1007/s 125 17-020-05520-6. 


Sharafat A, Latif K, Seo J. Risk analysis of TBM tunneling projects based on generic bow-tie risk 
analysis approach in difficult ground conditions. Tunn Undergr Sp Technol 2021. 
https://doi.org/10.1016/j.tust.2021.103860. 


Bae J, Yum SG, Kim JM. Harnessing machine learning for classifying economic damage trends in 
transportation infrastructure projects. Sustain 2021. https://doi.org/10.3390/su13116376. 


Xu Z, Cai N, Li X, Xian M, Dong T. Risk assessment of loess tunnel collapse during construction 
based on = an_ attribute recognition model. Bull Eng Geol Environ = 2021. 
https://doi.org/10.1007/s 10064-021-02300-8. 


Koseoglu Balta GC, Dikmen I, Birgonul MT. Bayesian network based decision support for 
predicting and mitigating delay risk in TBM tunnel projects. Autom Constr 2021. 
https://doi.org/10.1016/j.autcon.2021.103819. 


Cao BT, Obel M, Freitag S, HeuBner L, Meschke G, Mark P. Real-Time Risk Assessment of 
Tunneling-Induced Building Damage Considering Polymorphic Uncertainty. ASCE-ASME J Risk 
Uncertain Eng Syst Part A Civ Eng 2022. https://doi.org/10.1061/ajrua6.0001192. 


You K, Park Y, Lee JS. Risk analysis for determination of a tunnel support pattern. Tunn Undergr 
Sp Technol 2005. https://doi.org/10.1016/j.tust.2005.03.002. 


Rehbock-Sander M, Boissonnas Y. Challenges in Design and Construction of a 30-km hard rock 
TBM drive with an overburden reaching 2,400 meters at the Gotthard Base Tunnel. 2012 Proc. - 
North Am. Tunneling, NAT 2012, 2012. 


Sousa RL, Einstein HH. Risk analysis during tunnel construction using Bayesian Networks: Porto 
Metro case study. Tunn Undergr Sp Technol 2012. https://doi.org/10.1016/j.tust.2011.07.003. 


Mikaeil R, Shaffiee Haghshenas S, Shirvand Y, Valizadeh Hasanluy M, Roshanaei V. Risk 
Assessment of Geological Hazards in a Tunneling Project Using Harmony Search Algorithm (Case 
Study: Ardabil-Mianeh Railway Tunnel). Civ Eng J 2016;2:546—54. https://doi.org/10.2899 1/cej- 
2016-00000057. 


Haghshenas SS, Haghshenas SS, Barmal M, Farzan N. Utilization of soft computing for risk 
assessment of a tunneling project using geological units. Civ Eng J 2016;2:358—64. 


Haghshenas SS, Ozcelik Y, Haghshenas SS, Mikaeil R, Moghadam PS. Ranking and assessment of 
tunneling projects risks using fuzzy MCDM (Case study: Toyserkan doolayi tunnel). 25th Int. Min. 
Congr. Exhib. Turkey, 2017, p. 289-97. 


Xiong Z, Guo J, Xia Y, Lu H, Wang M, Shi S. A 3D Multi-scale geology modeling method for 
tunnel engineering risk assessment. Tunn Undergr Sp Technol 2018. 
https://doi.org/10.1016/j.tust.2017.12.003. 


Li SC, Wu J. A multi-factor comprehensive risk assessment method of karst tunnels and its 
engineering application. Bull Eng Geol Environ 2019. https://doi.org/10.1007/s10064-017-1214-1. 


Wang S, Li L ping, Shi S, Cheng S, Hu H, Wen T. Dynamic Risk Assessment Method of Collapse 
in Mountain Tunnels and Application. Geotech Geol Eng 2020. https://doi.org/10.1007/s10706- 
020-01196-7. 


[28] 


[29] 


[30] 


[31] 


[32] 


[33] 


[34] 


[35] 


[36] 


[37] 


[38] 


[39] 


[40] 


[41] 


[42] 


S. Shaffiee Haghshenas et al./ Journal of Soft Computing in Civil Engineering 6-1 (2022) 29-45 43 


Wu Z, Wu S, Cheng Z. Discussion and application of a risk assessment method for spalling damage 
in a deep hard-rock tunnel. Comput Geotech 2020. https://doi.org/10.1016/j.compgeo.2020. 103632. 


Rad MY, Haghshenas SS, Haghshenas SS. Mechanostratigraphy of cretaceous Rocks by Fuzzy 
Logic in East Arak, Iran. 2014 4th Int. Work. Comput. Sci. Eng. - Summer, WCSE 2014, 2014. 


Mikaeil R, Haghshenas SS, Ozcelik Y, Haghshenas SS. Development of Intelligent Systems 
Diamond Wire Saw Performance to Predict. J Soft Comput Civ Eng 2017. 


Mikaeil R, Haghshenas SS, Haghshenas SS, Ataei M. Performance prediction of circular saw 
machine using imperialist competitive algorithm and fuzzy clustering technique. Neural Comput 
Appl 2018;29:283-92. https://doi.org/10.1007/s00521-016-2557-4. 


Aryafar A, Mikaeil R, Haghshenas SS, Haghshenas SS. Application of metaheuristic algorithms to 
optimal clustering of sawing machine vibration. Meas J Int Meas Confed 2018. 
https://doi.org/10.1016/j.measurement.2018.03.056. 


Mikaeil R, Haghshenas SS, Hoseinie SH. Rock Penetrability Classification Using Artificial Bee 
Colony (ABC) Algorithm and _ Self-Organizing Map. Geotech Geol Eng 2017. 
https://doi.org/10.1007/s 10706-017-0394-6. 


Mikaeil R, Haghshenas SS, Ozcelik Y, Gharehgheshlagh HH. Performance Evaluation of Adaptive 
Neuro-Fuzzy Inference System and Group Method of Data Handling-Type Neural Network for 
Estimating Wear Rate of Diamond Wire Saw. Geotech Geol Eng 2018. 
https://doi.org/10.1007/s 10706-018-057 1-2. 


Dormishi A, Ataei M, Mikaeil R, Khalokakaei R, Haghshenas SS. Evaluation of gang saws’ 
performance in the carbonate rock cutting process using feasibility of intelligent approaches. Eng 
Sci Technol an Int J 2019;22:990—1000. https://doi.org/10.1016/j.jestch.2019.01.007. 


Mikaeil R, Beigmohammadi M, Bakhtavar E, Haghshenas SS. Assessment of risks of tunneling 
project in Iran using artificial bee colony algorithm. SN Appl Sci 2019;1:1711. 
https://doi.org/10.1007/s42452-019-1749-9. 


Morosini AF, Haghshenas SS, Haghshenas SS, Geem ZW. Development of a binary model for 


evaluating water distribution systems by a pressure driven analysis (PDA) approach. Appl Sci 
2020. https://doi.org/10.3390/app 10093029. 


Guido G, Haghshenas SS, Haghshenas SS, Vitale A, Gallelli V, Astarita V. Development of a 
binary classification model to assess safety in transportation systems using GMDH-type neural 
network algorithm. Sustain 2020. https://doi.org/10.3390/SU12176735. 

Guido G, Haghshenas SS, Haghshenas SS, Vitale A, Astarita V, Haghshenas AS. Feasibility of 
stochastic models for evaluation of potential factors for safety: A case study in southern Italy. 
Sustain 2020. https://doi.org/10.3390/su12187541. 

Mehdi Hosseini S, Ataei M, Khalokakaei R, Mikaeil R, Shaffiee Haghshenas S. Study of the effect 


of the cooling and lubricant fluid on the cutting performance of dimension stone through artificial 
intelligence models. Eng Sci Technol an Int J 2019. https://doi.org/10.1016/j.jestch.2019.04.012. 


Morosini AF, Haghshenas SS, Haghshenas SS, Choi DY, Geem ZW. Sensitivity analysis for 
performance evaluation of a real water distribution system by a pressure driven analysis approach 
and artificial intelligence method. Water (Switzerland) 2021. https://doi.org/10.3390/w13081116. 

Haghshenas SS, Haghshenas SS, Geem ZW, Kim TH, Mikaeil R, Pugliese L, et al. Application of 


harmony search algorithm to slope stability analysis. Land 2021. 
https://doi.org/10.3390/land10111250. 


44 


[43] 


[44] 


[45] 


[46] 


[47] 


[48] 


[49] 


[50] 


[51] 


[52] 


[53] 


[54] 


[55] 


[56] 


S. Shaffiee Haghshenas et al./ Journal of Soft Computing in Civil Engineering 6-1 (2022) 29-45 


Mikaeil R, Mokhtarian M, Shaffiee Haghshenas S, Careddu N, Alipour A. Assessing the System 
Vibration of Circular Sawing Machine in Carbonate Rock Sawing Process Using Experimental 
Study and Machine Learning. Geotech Geol Eng 2021. https://doi.org/10.1007/s10706-021-01889- 
re 


Parsa P, Naderpour H. Shear strength estimation of reinforced concrete walls using support vector 
regression improved by Teaching—learning-based optimization, Particle Swarm optimization, and 
Harris Hawks Optimization algorithms. J Build Eng 2021. 
https://doi.org/10.1016/j.jobe.2021.102593. 


Hajihassani M, Jahed Armaghani D, Kalatehjari R. Applications of Particle Swarm Optimization in 
Geotechnical Engineering: A Comprehensive Review. Geotech Geol Eng 2018;36:705—22. 
https://doi.org/10.1007/s 10706-017-0356-z. 


Ahmadi S, Moosazadeh S, Hajihassani M, Moomivand H, Rajaei MM. Reliability, availability and 
maintainability analysis of the conveyor system in mechanized tunneling. Meas J Int Meas Confed 
2019. https://doi.org/10.1016/j.measurement.2019.06.009. 


Taiyari F, Kharghani M, Hajihassani M. Optimal design of pile wall retaining system during deep 
excavation using swarm intelligence technique. Structures 2020. 
https://doi.org/10.1016/j.istruc.2020. 10.044. 


Asteris PG, Mamou A, Hajihassani M, Hasanipanah M, Koopialipoor M, Le TT, et al. Soft 
computing based closed form equations correlating L and N-type Schmidt hammer rebound 
numbers of rocks. Transp Geotech 2021. https://doi.org/10.1016/j.trgeo.2021.100588. 


Hasanipanah M, Golzar SB, Larki IA, Maryaki MY, Ghahremanians T. Estimation of blast-induced 
ground vibration through a _ soft computing framework. Eng Comput 2017. 
https://doi.org/10.1007/s00366-017-0508-z. 


Faradonbeh RS, Hasanipanah M, Amnieh HB, Armaghani DJ, Monjezi M. Development of GP and 
GEP models to estimate an environmental issue induced by blasting operation. Environ Monit 
Assess 2018. https://doi.org/10.1007/s 10661 -018-6719-y. 


Fakharian P, Naderpour H, Haddad A, Rafiean AH, Rezazadeh ED. A Proposed Model for 
Compressive Strength Prediction of FRP-Confined Rectangular Columns in terms of Genetic 
Expression Programming (GEP). Concr Res 2018. https://doi.org/10.22124/jcr.2018.7162.1191. 


Armaghani DJ, Hatzigeorgiou GD, Karamani C, Skentou A, Zoumpoulaki I, Asteris PG. Soft 
computing-based techniques for concrete beams shear strength. Procedia Struct. Integr., 2019. 
https://doi.org/10.1016/j.prostr.2019.08.123. 


Naderpour H, Nagai K, Fakharian P, Haji M. Innovative models for prediction of compressive 


strength of FRP-confined circular reinforced concrete columns using soft computing methods. 
Compos Struct 2019;215:69—84. https://doi.org/10.1016/j.compstruct.2019.02.048. 


Naderpour H, Rezazadeh Eidgahee D, Fakharian P, Rafiean AH, Kalantari SM. A new proposed 
approach for moment capacity estimation of ferrocement members using Group Method of Data 
Handling. Eng Sci Technol an Int J 2020;23:382—91. https://doi.org/10.1016/j.jestch.2019.05.013. 
Luo Z, Hasanipanah M, Bakhshandeh Amnieh H, Brindhadevi K, Tahir MM. GA-SVR: a novel 
hybrid data-driven model to simulate vertical load capacity of driven piles. Eng Comput 2021. 
https://doi.org/10.1007/s00366-019-00858-2. 

Zhu W, Nikafshan Rad H, Hasanipanah M. A chaos recurrent ANFIS optimized by PSO to predict 


ground vibration generated in rock blasting. Appl Soft Comput 2021. 
https://doi.org/10.1016/j.asoc.2021.107434. 


[57] 


[58] 


[59] 


[60] 


[61] 


[62] 


[63] 


[64] 


[65] 
[66] 


[67] 


[68] 


[69] 


S. Shaffiee Haghshenas et al./ Journal of Soft Computing in Civil Engineering 6-1 (2022) 29-45 45 


Armaghani DJ, Harandizadeh H, Momeni E, Maizir H, Zhou J. An optimized system of GMDH- 
ANFIS predictive model by ICA for estimating pile bearing capacity. Artif Intell Rev 2021. 
https://doi.org/10.1007/s 10462-021-10065-5. 


Mohammadi Golafshani E, Behnood A, Hosseinikebria SS, Arashpour M. Novel metaheuristic- 
based type-2 fuzzy inference system for predicting the compressive strength of recycled aggregate 
concrete. J Clean Prod 2021. https://doi.org/10.1016/j.jclepro.2021.128771. 


Golafshani EM, Behnood A. Predicting the mechanical properties of sustainable concrete 
containing waste foundry sand using multi-objective ANN approach. Constr Build Mater 2021. 
https://doi.org/10.1016/j.conbuildmat.2021.123314. 


Mirrashid M, Naderpour H. Recent Trends in Prediction of Concrete Elements Behavior Using Soft 
Computing (2010-2020). Arch Comput Methods Eng 2021. https://doi.org/10.1007/s11831-020- 
09500-7. 


Naderpour H, Mirrashid M. Innovative Models for Capacity Estimation of Reinforced Concrete 
Elements in Terms of Soft Computing Techniques. Pract Period Struct Des Constr 2021. 
https://doi.org/10.1061/(asce)sc. 1943-5576.0000614. 


Chang DY. Applications of the extent analysis method on fuzzy AHP. Eur J Oper Res 1996. 
https://doi.org/10.1016/0377-2217(95)00300-2. 


Analysis of Protection of Body Slope in the Rockfill Reservoir Dams on the Basis of Fuzzy Logic. 
Proc. 4th Int. Jt. Conf. Comput. Intell., SciTePress - Science and and Technology Publications; 
2012, p. 367—73. https://doi.org/10.5220/0004 153803670373. 


Nezarat H, Sereshki F, Ataei M. Ranking of geological risks in mechanized tunneling by using 
Fuzzy Analytical Hierarchy Process (FAHP). Tunn Undergr Sp Technol 2015. 
https://doi.org/10.1016/j.tust.2015.07.019. 


Mohamad Ataei. Multi-criteria decision making. Shahrood: Shahrood University Publication; 2010. 


Mikaeil R, Kashtiban YJ, Shahriar K, Jafarpour A. Evaluation and Management of Geotechnical 
Risk in Tunneling Projects Using Fault Tree Analysis 2020;6:41-53. 
https://doi.org/10.2209 1/cer.2020.5388.1200. 


Shaffiee Haghshenas S, Shaffiee Haghshenas S, Mikaeil R, Sirati Moghadam P, Shafiee 
Haghshenas A. A New Model for Evaluating the Geological Risk Based on Geomechanical 
Properties —Case Study: The Second Part of Emamzade Hashem Tunnel. Electron J Geotech Eng 
2017. 


Mikaeil R, Shaffiee Haghshenas S, Sedaghati Z. Geotechnical risk evaluation of tunneling projects 
using optimization techniques (case study: the second part of Emamzade Hashem tunnel). Nat 
Hazards 2019;97:1099-113. https://doi.org/10.1007/s11069-019-03688-z. 


Shafiee Haghshenas S, Mikaeil R, Shaffiee Haghshenas S, Zare Naghadehi M, Sirati Moghadam P. 
Fuzzy and Classical MCDM Techniques to Rank the Slope Stabilization Methods in a Rock-Fill 
Reservoir Dam. Civ Eng J 2017;3:382—94. https://doi.org/10.2899 1/cej-2017-00000099. 


